Approximate solutions are derived for the flight of compact windborne debris in strong winds. The relevant characteristics of the piece of debris are combined together into the ballistic coefficient. The solutions are put into a non-dimensional form which leads to a set of universal silutions which can be plotted in a manner such that one set of graphs applies to all sizes of debris and wind strength situations. The derived equations are used to show that most common types of debris can easily achieve 40% of the wind speed and in some cases can reach much higher levels.
Introduction
The damage caused by windborne debris is a complex function of the wind conditions, the availability of debris, the point of release, the aerodynamic characteristics of the debris, the impact dynamics and the strength of the structure impacted. Wills et al. (2002) usefully classified debris into compact debris with all dimensions similar, sheet type debris with one dimension much smaller than the others and rod type with one dimension much larger.
While the flight of sheet and rod type debris is more complex than compact debris, the work of Lin et al. (2006 Lin et al. ( , 2007 clearly shows that the ensemble behaviour is similar in character to that of a compact object with the same average drag coefficient. This occurs because plate and rod type debris are usually statically unstable in a low drag orientation. This means that even though the moment may be zero when say a plate is aligned with the flow, as soon as any angle develops the moment will rotate the plate away from the low drag orientation. The details of a particular flight simply cause scatter around the general trends as discussed by Richards (2012) . Some conclusions regarding the likely behaviour of a particular object may therefore be drawn from analysis of the compact debris equations.
Trajectory Equations
The acceleration equations for a compact object in a uniform horizontal wind of speed U, as noted by Holmes (2004) , are 
where u and v are the horizontal and vertical velocity components of the object respectively and g is the acceleration due to gravity.
The variable B is the ballistic coefficient:
where C D is the average drag coefficient, the air density, A the reference area and m the mass. In this form the ballistic coefficient characterises the significance of aerodynamic drag in relation to the associated acceleration. It may be noted that there are other forms of the ballistic coefficient including m/C D A, which is related to the inverse of that used here. It is also worth noting that B is not a non-dimensional number but has dimensions of L -1 and units of m -1 . Holmes et al. (2006) have proposed the use of the Tachikawa number
as "the main parameter determining the trajectories of debris objects of all types". In the current analysis there is no argument with this statement but the ballistic coefficient is preferred since it combines together all the important characteristics of the piece of debris into a single term without reference to the conditions under which a particular trajectory is occurring, apart from the inclusion of air density. The parameter B is seen as a characteristic of the object alone, whereas K is a function of both the object and the wind conditions. Lin et al. (2007) note that in the very early stages of the flight, assuming zero initial velocity at t = 0, then
whereas for large times Baker (2007) gives the asymptotic velocities as:
, the terminal velocity.
While these limiting cases should be kept in mind, what are sought here are approximate solutions which are valid over moderate periods of time.
Horizontal Equations
It may be noted that in strong winds, initially both u and v are small in comparison with the wind speed U and so while (U-u)>>v then Eq. (1) may be approximated as
Since U is constant then
Separating variables gives
If the initial condition is u=u 0 at t=t 0 , then integration gives
which can be rearranged into the explicit form
With the simpler, but less general, initial condition that u 0 = 0 at t 0 = 0, Eq. (11) can be simplified to a form equivalent to that given by Holmes (2004) 1
which in the limits of small and large times matches both Eq. (5a) and (6a). Eq. (11) can be written in the form
Integration of Eq. (13), with the initial condition x = x 0 at t = t 0 , yields
With the simpler initial conditions x 0 =0, u 0 =0 at t 0 =0, Eq. (14) reduces to
Both Baker (2007) and Lin et al. (2006 Lin et al. ( , 2007 suggest that, with the simpler initial conditions, the relationship between the horizontal velocity and the horizontal distance can be well represented by Lin et al. (2006 Lin et al. ( , 2007 also suggest that the distance-time relationship can be modelled by a polynomial, which can be rearranged into the form:
...... (12) and (15) does underestimate the velocity at high distances where the vertical velocity v is of the same order or larger than the horizontal relative velocity (U-u) and so the approximation of Eq. (7) is no longer valid. Figure 1 (b) shows the same data plotted against time. Here the major limitation of Eq. (17) is apparent since the curve becomes unrealistic beyond times of 1 s. However it may be recognised that the empirical data fitted by Lin et al. (2007) to give C D = 0.496, a = 0.084, b = -0.1 and c = 0.006 only covered a limited time range which in this case is effectively from 0-0.54 s and so use of Eq. (17) outside this range is unadvisable. Even if the coefficients could be refined with longer duration data it is almost inevitable that polynomials will not give sensible larger time behaviours, whereas Eq. (15) 
Vertical Equations
The vertical acceleration equation, Eq. (2), can also be approximated by noting that in the early stages the gravitational acceleration dominates and that it is only as the vertical velocity increases that the second term becomes significant, by which time the horizontal relative velocity (U-u) has reduced considerably. Hence considering the descent part of any trajectory, where
which may be rearranged into
and hence using the method of partial fraction
If the condition at the start of the descent is that v = 0 at time t = t 1 then integration gives
Taking exponentials gives
This can be rearranged into ( 
At small times the exponential term may be approximated using 1 small terms, for 1,
in which case if
which matches Eq. (5b) if t 1 = 0. Whereas for large times both exponential terms become small and hence
the terminal velocity, as given in Eq. (6b). The initial condition for zero vertical velocity has been specified at a time t 1 , rather than at time zero, in order to allow for the inclusion of a short period of upward motion during the initial stages of a trajectory, during which time the horizontal velocity may increase but the vertical velocity is decreasing. Such upward initial velocity, v 0 , is likely to be small and hence the time t 1 -t 0 ≈ v 0 /g. In which case Eq. (23) could be written as ( 
Eq. (27) may be rearranged into the form
Further integration, with the initial condition y(t 1 ) = y 1 , gives
Which shows that for large times the vertical position is almost a linear function of time with a gradient of minus the terminal velocity and a y axis intercept of y 1 +ln(2)/B.
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Once again the initial conditions may be referenced to time t = t 0 by using 
While Eq. (31) is only strictly valid for t-t 0 -v 0 /g > 0, provided the initial vertical velocity is small then series expansions show that for small times this equation reduces to a simple drag free trajectory equation and so the equation is a reasonable approximation for t > t 0 . One possible source of such an initial vertical velocity is the uplift during the first 90° rotation of plate or rod type debris. The results of Richards (2012) suggest that if the object starts from rest, at the origin and with its largest face 1° from horizontal, then the vertical displacement and velocity when the largest face first becomes vertical might be approximated 
The corresponding initial horizontal displacement and velocity are
where L x is the length of the plate or rod along the wind line at the time of release. The initial vertical velocity for such situations is usually small but still significant. Richards (2012) suggests that following this initial rotation the motion of rods and plates may be approximated as that of a compact object. Figure 2 shows the variation of both the vertical and horizontal velocity components of a concrete roofing tile when released from rest at a near horizontal orientation in a 50 m/s wind. The numerical solution shows that at the moment the tile first becomes vertical, at t 0 =0.22s, there is a small upward velocity which is well matched by Eq. (32). After this initial motion the general trend in both velocity component behaviours is reasonably matched by the approximate solutions represented by Eqs. (11) and (27). 
Non-dimensional Trajectory Equations
The equations presented in the previous section can be put into a dimensionless form by using:
This non-dimensionalisation is similar to that used by Baker (2007) but differs in some terms. In this form the approximate trajectory solutions can be written as:
( )
t v g g v y y t t v g g g
where the initial conditions are u' = u' 0 , x' = x' 0 , v' = v' 0 and y' = y' 0 at t' = t' 0 and it is assumed v' 0 << 1. For a simple trajectory with the object stationary at the origin of the coordinate system at t' 0 = 0, Eqs. (35-38) simplify to
' ' ln(1 ')
This shows that with these approximate solutions the horizontal motion is just a function of the non-dimensional time, whereas the vertical motion is related to the product of the nondimensional time and the square-root of the non-dimensional gravitational acceleration. Eqs.
(35-38) represent universal approximate solutions to the compact debris equations and can be applied to any compact debris situation. However for simplicity this paper will focus on the simple situation where the object is released from rest at the origin of the co-ordinate system and hence the simplified Eqs. (39-42) apply. Figure 3 represents these results in a form such that the one set of graphs represents all compact debris trajectories which satisfy these initial conditions. Also included in Figure 3 is the numerical data for the spherical stone trajectory shown earlier in Figure 1 , but transformed here into the non-dimensional format. It may be noted that for large time the horizontal velocity tends towards the wind speed (u'→1.0) and the vertical speed tends towards the terminal velocity ( '
in agreement with Eq. (6b). In general Eqs. (39-42) match the numerical solutions well at low times, have the correct asymptotic limits for the velocities at large times, but lose accuracy at moderate nondimensional times. However since with real debris the value of the ballistic coefficient is unlikely to be known with any certainty then the differences between the approximate analytic solutions and the numerical solutions are unlikely to degrade the accuracy of any conclusions drawn by using these solutions. Table 1 lists the properties of a number of different debris examples. Some of these are based on standard test projectiles used in impact resistance testing of building components. In Australia a wind driven impact test is an optional test for envelope components of all buildings in cyclonic regions. However, the wind loading standard (AS/NZS 1170 .2:2011 requires that in such areas the building must be designed to withstand the internal pressure resulting from a dominant opening unless the building envelope (windows, doors and cladding) can be shown to be capable of resisting impact loading from a 4 kg timber member with nominal cross-section of 100 50 mm and from 8 mm diameter spherical steel balls. This timber missile first appeared in a building code in the Darwin Area Building Manual in (a) (b) member has been adopted by the South Florida Building Code. Minor (1994) points out that following Hurricane Andrew in 1992, many investigators in South Florida observed that roofing tiles (both clay and concrete pavers) were the most prevalent type of windborne debris. Initially the Dade County Building Code Committee chose a roofing tile as the design missile, but it recognised that it would be difficult to define a representative tile and almost impossible to propel a tile repeatedly with the same orientation and at the same speed as part of a standard test, and so ultimately the committee chose the '2 x 4' timber instead. The tile listed in Table 1 is based on those used on the author's own home. In earlier versions of the Australia/NZ Standard (2011) the requirement only included the impact of the 4 kg piece of timber at a fixed speed of 15 m/s, however the latest version includes both the timber and steel ball projectiles at a speed of 40% of the regional gust wind speed for horizontal trajectories. The other debris examples in Table 1 include the stone sphere analysed by Holmes (2004) , a single sheet of corrugated roofing iron and a composite section of roofing which has been arbitrarily assumed to be a 3 m × 2.4 m section made up of 35 kg of roofing iron and 85 kg of attached timber battens and roofing framework. The average drag coefficients are based on the work of Lin et al. (2007) . The various examples are listed in order of increasing ballistic coefficient. It is interesting to note that the central 4 examples, which represent the more common types of debris, all have ballistic coefficients within a fairly narrow range, 0.017-0.033. It is only the steel ball with its high density and relatively large thickness for its maximum cross sectional area which is significantly lower and the sheet of roofing iron which has a very small thickness for its size which is significantly higher.
Trajectories of Common Debris Types
The results contained in Eqs. (39-42) have been used to assess the trajectories of a range of debris examples with ballistic coefficients increasing from 0.008 to 0.128, doubling each time. The trajectory paths of these are shown in dimensional form in Figure 4 , where it is not surprising to see that the high ballistic coefficient (large area/mass) example has a very flat trajectory, whereas the low ballistic coefficient (low area/mass) case loses height rapidly in a relatively short horizontal distance. Also shown on the figure are dashed lines which indicate the positions where the horizontal velocity reaches 40, 60 and even 80% of the wind speed. As pointed out above the more common types of windborne debris have B values between about 0.016 and 0.032 and so it is the area between these two curves that is of most interest. It can be seen that all of these common debris types can be expected to reach 40% of the wind speed while flying no more than 10m and dropping less than 3.5m. Hence one may conclude that impacts from debris flying at speeds in excess of 40% of the wind speed is likely to be a common occurrence. Even tiles, with B≈0.016, can be expected to be travelling at speed over 40% of the wind speed if they a torn from a roof and pick up speed as they drop several metres and crash into a neighbouring house. Even more disturbing is the damage that can occur when the roof of one house fails completely and a section, perhaps consisting of several sheets of roofing iron held together by some of the supporting timber, which could have a mass around 120 kg but still have B≈0.032, becomes airborne. Such a section can reach 60% of the wind speed within 20m, while falling only 4m. An impact from such an object is likely to be extremely damaging.
Conclusions
Approximate solutions have been derived for the flight of compact debris in strong winds. These have been put into a non-dimensional form which leads to a set of universal graphs which apply to all sizes of debris and wind conditions. The results show that most common types of debris can easily achieve speeds in excess of 40% of the wind speed and that in some cases speeds over 60% are not unreasonable.
